Schistosomes are parasitic blood flukes that survive for many years within the 20 mammalian host vasculature. How the parasites establish a chronic infection in the hostile 21 bloodstream environment, whilst evading the host immune response is poorly understood. The 42 parasites were collected from experimentally-infected mice over its developmental time-course 3 43 from the poorly studied lung stage, to the fully mature egg-laying adult worm. The data 44 highlight many genes involved in processes known to be associated with key stages of the 45 infection. In addition, the gene expression data provide a unique view of interactions between 46 the parasite and the immune system in the lung, including novel players in host-parasite 47 interactions. A detailed understanding of these processes may provide new opportunities to 48 design intervention strategies, particularly those focussed on the early stages of the infection 49 that are not targeted by current chemotherapy. 50 51 65 days post-infection, parasite accumulation in the liver peaks (3,5). In the case of S. mansoni, 66 male and female parasites pair up over the following weeks, migrate from the liver to the 67 mesenteric veins via the portal system and become sexually mature (3). By day-35 the parasites 129 glucose, with 10 U/ml heparin). Parasites were left to settle for 30 minutes at room temperature 130 and washed twice with DMEM before being recovered with a Pasteur pipette from the bottom of 131 the tube. 132 Parasites were transferred to a Petri dish for imaging using an Olympus SZ61dissecting 133 microscope with a Euromex Cmex10 camera and Image Focus 4.0 software. A subset of the 134 parasites from each mouse was imaged for morphology scoring. After imaging, parasites were 135 transferred into a 2 ml Eppendorf tube and centrifuged at 150 x g for 3 minutes before replacing 136 the supernatant with 1 ml TRIzol (Thermo Fisher), left at room temperature for up to 1 hour, 137 transferred to dry ice for transport, and later stored at -80 ºC until RNA extraction. An average 157 4°C to separate the aqueous and organic solvent layers. The aqueous layer was transferred into 158 a RNase-free 1.5 ml tube and one volume of 100% ethanol added and mixed by pipetting. The 159 mixture was transferred to Zymo RNA Clean & Concentrator-5 column (Zymo Research) and 160 processed according to the manufacturer's protocol. To elute the RNA, 15 µl of RNase-free water 161
parasite develops morphologically and grows as it migrates to its preferred vascular niche, 23 avoiding or repairing damage from the host immune system. In this study, we investigated 24 temporal changes in gene expression during the intra-mammalian development of Schistosoma 25 mansoni. RNA-seq data were analysed from parasites developing in the lung through to egg-26 laying mature adult worms, providing a comprehensive picture of in vivo intra-mammalian 27 development. Remarkably, genes involved in signalling pathways, developmental control, and 28 adaptation to oxidative stress were up-regulated in the lung stage. The data also suggested a 29 potential role in immune evasion for a previously uncharacterised gene. This study not only 30 provides a large and comprehensive data resource for the research community, but also reveals 31 new directions for further characterising host-parasite interactions that could ultimately lead 32 to new control strategies for this neglected tropical disease pathogen.
33
Author Summary 34 The life cycle of the parasitic flatworm Schistosoma mansoni is split between snail and 35 mammalian (often human) hosts. An infection can last for more than 10 years, during which 36 time the parasite physically interacts with its mammalian host as it moves through the 37 bloodstream, travelling through the lungs and liver, to eventually establish a chronic infection in 38 the blood vessels around the host gut. Throughout this complex journey, the parasite develops relies on a single drug, praziquantel, and drug resistance is an ever-present threat with 56 emerging reports of reduced efficacy to praziquantel in the field (2). A better understanding is 57 needed of molecular and cellular mechanisms underlying the establishment of infections, so 58 that vulnerabilities will be revealed with potential for targeting by new control tools.
59
Schistosomes are transmitted between mammalian hosts by susceptible aquatic snails.
60
Each snail releases thousands of motile cercariae that seek out a host, penetrate through its skin 61 and transform into larvae known as schistosomula. The schistosomula enter the bloodstream 62 via the capillary beds and by day 6 post-infection are mainly present in the lung capillaries (3,4).
63
After leaving the lung, the parasites circulate within the blood vessels throughout the body 64 while developing organs, growing in size and eventually reaching the liver. Approximately 21 4 68 reach full maturity in the mesenteric veins (3), where they release eggs that traverse the 69 intestinal wall and reach the gut lumen. The eggs pass with faeces to the environment where 70 they hatch free-living larvae that infect snails to continue the life cycle. 7987 genes, S1 Table) were used as inputs for clustering.
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Gene Ontology enrichment Table) . The up-regulated genes related to multiple signalling processes 261 including signal transduction and neuronal signalling pathways (S3 Table) . This suggests that 262 neuronal activities were increased in the lung stage, compared with day-13 stage, perhaps for 263 sensing and locomotion to allow parasite migration through the lung capillary bed, to reach the 264 pulmonary veins and continue through the rest of bloodstream circulation (33). In contrast, 686 265 genes were up-regulated in the day-13 schistosomula (S2 Table) , including genes involved in 266 mitosis and its associated processes, such as translation, post-translational modification, and 267 transcriptional regulation (S3 Table) . This is consistent with the growth phase described in day-268 13 worms and corroborates reports that mitosis was not detected in the lung stage (3,34).
269
As the parasites develop from circulating juveniles to adult forms, up-regulated genes Table) . The Gene Ontology (GO) terms metabolic processes and biosynthesis processes were 276 enriched in up-regulated genes at day 28 (S5 Table) , possibly also reflecting synthesis of 277 compounds necessary for egg production (tyrosinase genes are annotated with the terms 278 organic hydroxy compound biosynthetic process). However, the increased biosynthesis also likely 279 reflected increased nutrient and energy requirements, and scavenging of host-derived 13 280 substrates by the parasites because GO terms for lipid metabolic process, glycerol metabolic 281 process, purine ribonucleoside salvage, and carbohydrate transport were also enriched (S5 282  Table) . The genes contributing to the enriched GO term carbohydrate transport encode two 283 confirmed glucose transporters (Smp_012440, Smp_105410) (35) and a third, non-confirmed, 284 putative glucose transporter (Smp_139150).
285
Between days 28 and 35, the parasites become fully established in the portal system 286 within the mesentery veins and lay large numbers of eggs. Expectedly, amongst the 72 genes 287 that were up-regulated during the progression from day 28 to day 35, many were related to egg 288 production (S6 Table) . Proteases involved in blood feeding (36), cathepsin B, D, and L were also 289 up-regulated (approximately 2.5-fold; S6 Table) , consistent with the high nutrient requirement 290 of egg-producing females. In addition, down regulation of genes involved in signalling and 291 developmental control was evident (S6 and S7 Tables).
292
To further explore transcriptomic changes across all developmental stages analysed, Table) . These clusters comprised genes involved in 301 egg production, such as two tyrosinase genes (Smp_013540 and Smp_050270) involved in 302 protein cross-linking during egg-shell synthesis (37). Two of the egg-shell precursors 303 (Smp_131110 and Smp_014610) (38) were also present in cluster 96 (S8 Table) . In addition, 304 multiple genes of unknown function shared expression patterns with these genes related to egg-14 305 production, suggesting that they may have a related function or share the same pathway(s) (S8 306  Table) . Given the scarcity of information about lung schistosomula, we further investigated the 320 expression data using pairwise comparisons between the lung stage and day-13 parasites, and 321 clustering across multiple time points. Lung stage-specific expression was seen mainly in three 322 clusters (8, 24 and 32), where high expression on day 6 precipitously dropped to a low baseline 323 for the rest of the time-course (Fig 4 yellow boxes, S1 Fig and S8 Table) . The three clusters 324 contained a total of 72 genes, and a GO term enrichment analysis suggested that many of these 325 were involved in signalling, metabolism, transport and iron homeostasis (S10 Table) .
326
Genes related to developmental control were also over-represented in 11 clusters that 327 showed high expression in lung stage followed by a steady decline towards adult (cluster 5, 6, 7, Table) . Most 370 strikingly, cluster 8 contains eight genes, of which four are micro-exon genes (MEGs); two from 371 the MEG-2 family and two from MEG-3 family (S8 Table) . Three of these MEGs were previously 372 shown to be up-regulated in schistosomula 3 days after in vitro transformation (Smp_159810, 373 Smp_138070, Smp_138080) and detected in schistosomula or egg secretions (48). Furthermore, 374 a pairwise comparison revealed a total of 17 MEGs, from seven families, that were up-regulated 375 in lung stage compared to day-13 schistosomula (S2 Table) , with seven MEGs amongst the top 376 20 lung-stage up-regulated genes (Table 1) . In contrast, only one MEG, a member of MEG-32, 377 was up-regulated in day-13 schistosomula compared to the lung stage (S2 Table) .
378
Lung stage expressed genes with anti-inflammatory roles 379 Genes involved in defence against oxidative stress appeared to be up-regulated in lung 380 schistosomula, presumably neutralising reactive oxygen species (ROS) produced during 381 inflammation. For instance, extracellular superoxide dismutase was up-regulated by 17-fold 382 compared to day-13 parasites (Smp_174810) (S2 Table) .
391
These three genes with particularly striking up-regulation in the lung stage belong to 392 the same cluster (cluster 72). Given the possible roles of cluster 72 genes in counteracting 393 oxidative stress and in host immune system evasion, other genes from this cluster were 394 explored in more detail. Cluster 72 contained seven additional genes ( Cluster 64 contained genes with similar expression profiles and, together with cluster 407 72, was annotated with GO terms enriched for redox processes (S12 Table) . Clusters 64 and 72 408 also contained genes involved in cellular metabolism and transport. However, enrichment for 409 these specific GO terms became more pronounced when two additional clusters (71 and 80), 410 with reduced lung stage expression (Fig 4 green boxes) , were included in the analysis (S13 and 411 S14 Tables responses, and it is one of the biological processes disturbed in irradiated schistosomes (67) 475 that exit lung capillaries into the alveoli and eventually die during the lung migration (7,65,68).
476
The migration through the lung capillaries represents another challenge for the schistosomula.
477
Moving within narrow lung capillaries, the schistosomula are in direct contact with the capillary 478 endothelium (65) and they may interrupt blood flow, increasing the risk of microthrombosis or 505 complement factor H (CFH), a regulator of the complement cascade. In the mammals, CFH 506 cleaves C3b, a central protein in the complement cascade (76). The regulatory function of CFH 507 involves two other molecules -its co-factor complement factor I (CFI) (60) and decay-508 accelerating factor (DAF) (59). To date, a S. mansoni gene with sequence or structural similarity 509 to CFI has not been described, but the parasites do possess a serine protease, m28, that cleaves 510 C3bi (a function normally carried out by CFI (59,77)). For DAF, a native S. mansoni form has not 511 been reported but schistosomes can acquire DAF from host blood cells (78,79). Given the nature 512 of other genes sharing its expression pattern, the structural match to human CFH, and its 513 phylogenetic relationship, it is tempting to speculate that the CFH-like gene in schistosome may 514 have a role in immunomodulation. Nevertheless, host immune system proteins have been 515 shown to interact with schistosomes in their developmental signalling pathways (80). CFH in 516 mammals not only cleaves C3b, but also has been implicated in lymphocyte extracellular 517 secretion and DNA synthesis (80). In addition, schistosomes have a 130 kDa surface protein that 518 can bind to C3, inactivating the C3 complement-activation, and the binding stimulates renewal 519 of the parasite surface membrane (76,81). To have another, CFH-like protein identified here, 520 inhibiting the downstream product of C3 activation, may seem redundant. However, its 521 potential roles in immunomodulation should not be ruled out. It is common for pathways to 522 have regulators at various steps, particularly for C3 which is focal for complement cascade 523 activation and is involved in clearing S. mansoni after praziquantel administration (76,82).
524
The data produced from this study will serve as a unique resource for the research 525 community to explore changes across intra-mammalian stages of schistosome development. 
